T HIS ARTICLE DEVELOPS the methodology given in Ref.1 to calculate hydrostatic re-testing intervals for a pipeline section with growing crack-like defects. It examines sections with both growing crack-like defects and corrosion defects. The actual pressure-cycling factor is taken into account for crack-like defects. Modern techniques employed for periodic hydrostatic testing have been analysed to ensure the integrity of existing pipelines, and the benefits and limitations of various methods are described. Examples are given for calculating the hydrostatic re-testing interval for pipeline sections with growing crack-like and corrosion defects. This paper shows that where hydrostatic testing pressure is selected according to the actual operating pressure-cycling factor, the corrosion rate, impact-toughness characteristics, and cycling cracking-growth resistance of the pipeline steel, and the operating pressure, the required re-testing interval can be guaranteed.
T
PRESENT, THE MEASURES to improve the reliability of trunk oil pipelines (inspection, maintenance, replacing sections and equipment, installing safety assurance systems) are based on strength and durability assessments of the separate pipeline elements. Such an approach means that segments where load-bearing capacity is lost can be dealt with efficiently, and the incident rate can also be reduced by removing harmful defects in time [22] .
Methods for verifying pipeline integrity include pressure testing, in-line inspection (ILI), and other methods such as, for example, directly assessing external corrosion. Each of these methods has its benefits and limitations, which must be considered when designing integrity checking programmes [9] .
Periodic hydrostatic testing is also a widelyused method for ensuring the integrity of existing pipelines with time-dependent defects, such as general and pitting corrosion, fatigue cracks, corrosionfatigue defects, and stress-corrosion defects [8] . It is most successfully used in pipeline sections where ILI is not possible, for example in cross-connections and industrial process pipelines. Approaches to testing vary among pipeline operators, but the majority comply with the minimum federal requirements for new construction.
The appropriate testing pressure range is typically defined by the minimum pressure selected for integrity assurance and the maximum pressure used to minimize the failure of non-threatening defects, such as stable defects in pipeline welded joints. Factors to be considered when selecting the minimum pressure include an assessment of the defect growth rate, and the maximum allowable pipeline operating pressure [16] .
A number of pipeline companies conduct spike-pressure tests [8] -short-time tests with pressure increased to more than 100% of the standard yield strength -in order to eliminate a maximum number of defects. This is followed by a general normal leak test to identify any leaks in the pipeline.
One of the most significant benefits of hydrostatic testing is that, regardless of geometry, all axial defects which have a critical size at the testing pressure can be eliminated [13] [14] [15] [16] [17] [18] .
In the case of crack-like defects, such as fatigue and stress-corrosion cracks, hydrostatic tests will also blunt the tips of cracks and cause residual compressive stresses at the tip of most pre-critical defects, which remain in the pipeline after testing. Blunting and compressive residual stresses prevent the cracks from growing.
Hydrostatic tests usually detect fewer defects in a pipeline compared to ILI or direct assessment. They do not give any insight into the pipeline's condition or other defects, but only provide information about defects which have fractured.
Where there is a large number of slowgrowing defects and the maximum operating pipeline pressure is lower than the pipe's load-bearing capacity, a low minimum pressure for testing means a large number of fractures can be avoided during hydrostatic tests. Conversely, higher pressure for testing is necessary to detect potentially dangerous defects and to increase the re-testing interval for fast-growing defects and high operating pressures [16] .
When pipelines which have operated for a long time at relatively low pressures are tested at high pressure (up to 100% of standard yield strength), a considerable number of non-threatening defects can be found. However, at lower testing pressures the re-testing period may be so short that hydrostatic tests are inefficient.
Hydrostatic testing proves to be inefficient for detecting circumferential defects, as the maximum tensile axial stresses from internal pressure can be no more than half of the hoop stress. These tests are not successful for eliminating short defects which eventually lead to leaks. A leak can occur shortly after hydrostatic tests when the pipeline returns to operation.
Lastly, hydrostatic tests can cause precritical defects; this can result in the phenomenon known as pressure reversal when, in a subsequent test, the pipeline fractures at a lower pressure. There are few examples of this happening, as only defects with sizes in a fairly narrow range can initiate without fracturing at the set pressure. The probability that such a defect will be found in a pipeline is low. If the pressure of the subsequent test is decreased by 5%, the fracturing associated with pressure reversals is very unlikely to occur [12] .
When internal pressure is increased, precritical defects in the pipe wall (due to plastic flow at the tip) start growing after reaching a certain stress level. If defect loading is halted in this section and the pressure level is kept constant, the defect will continue growing slowly for some time and then stabilize. However, if a defect is loaded to a higher stress level, and the load is kept constant, the defect will continue growing to the point of fracture even without any further increase in load [19] .
As such, depending on how close the stresses applied are to the defect's fracture stress, the crack may continue growing until an abrupt fracture occurs, or its growth may slow and stop altogether.
Cases where steady or unsteady crack growth takes place at a constant stress level sometimes occur during exposure to pressure as part of testing. Unsteady crack growth during exposure to pressure may eventually cause a failure if the load is maintained for too long, whereas steady cracks stop growing (although they may fracture under subsequent pressure increases growth at a lower pressure). Therefore, spike-pressure tests are designed in order to eliminate steady crack growth due to plastic flow at the crack tip.
Hydrostatic tests are not as effective for detecting corrosion, particularly local corrosion. Local pitting can withstand high pressure thanks to the support of the undamaged metal around the pit. ILI is a much more effective tool for detecting corrosion.
Pipeline steels with increased strength have similar crack-growth rates (cyclic cracking-resistance parameters) but significantly increased ductility. An increase in ductility helps larger defects to resist unstable fracturing during hydrostatic testing. The efficiency of hydrotesting in detecting defects decreases for these steels [11] .
Identifying and eliminating timedependant defects in a pipeline section can be achieved by increasing the ratio of test pressure to operating pipeline pressure [12] . A higher ratio increases the interval between retests to ensure the integrity of a pipeline with time-dependent defects. When high-pressure testing takes place, the ratio of test pressure to operating pressure can exceed 1.25.
Methodology for crack-like defects
The key principles for calculating the hydrostatic re-testing interval for a pipeline section with growing crack-like defects are presented and substantiated in Ref. 1 . This study analyses a methodological approach and provides examples of its use for specific sections of an oil pipeline.
The testing pressure is calculated using the following formula:
where D = the external pipeline diameter, mm t = the nominal thickness of the pipeline wall, mm σ 0.2 = the standard yield strength of pipe steel, MPa δ n = the negative allowance of the wall thickness, mm K test = the ratio of the hoop stress the pipe during testing to the standard yield strength of the pipe.
The re-testing interval should not exceed the time for which the defects which can withstand the test pressure and remain in a pipeline after testing will enlarge during the cyclic change of operating pressure or due to corrosion, and reach critical sizes at the designed operating pressure.
The critical half-length l of the design surface longitudinal defect for a longitudinal defect with depth a (or the critical depth a of a design defect with set half-length l) at pressure p can be found from Equns 2-8 (see over) in which: E = 2.06 x 10 5 , the modulus of elasticity of the pipe steel, MPa CVN = theCharpy impact energy, J CV = the impact toughness, J/cm 2 A = 0.8 cm 2 , the surface area of a Charpy fracture a = depth of the design defect, mm l = half length of the design defect, mm σ f = flow stress, MPa p = internal pressure, MPa
The depth of a design defect can be calculated from Equns 9 and 10:
For every value of design defect depth a i , the critical half-length l i can be determined at the test pressure, using:
For every value of the design defect half-length l i , the critical depth b i can be determined at the design operating pressure using:
where: n = the load (internal pressure) safety factor p op = operating pressure, MPa.
The design operating pressure may be taken to be the maximum annual pressure.
Actual data for the annual pressure change in the pipeline section under examination should be used to determine fatigue growth in design cracks. The actual data for pressure change should be processed using the 'rainfall' method or the 'full cycles' method [4] and represented as block loading. Each block is characterized by the number of cycles N i , the maximum pressure value p maxi , and asymmetry factor R i .
The re-testing interval for each design defect should be calculated using the formula: fracture-toughness parameters [3] : The range of the stress-intensity factor during zero-to-tension equivalent loading is calculated using Ref.1.
Depending on the sizes of examined design defects, the limit state at operating pressure may be either rupture or leakage.
If the half-length of a design surface defect with critical depth exceeds the half-length of a critical through-wall defect at design operating pressure, then the limit state will be a rupture.
The half-length of a critical through-wall defect l cr at design operating pressure should be calculated using Equns 2-8 in which M p (a,l) should be replaced with M t (l). The conditions for rupture are determined by the ratio:
A surface crack with half-length equal to the critical half-length l cr of a through-wall crack at the design operating pressure can be taken as a design defect. In this case the limit depth a r (p test ) of the defect at the testing pressure, and the limit depth b r at the design operating pressure, should be calculated using Equns 2-8.
The critical half-length l cr of a throughwall crack at the design operating pressure should be calculated by solving Equn 18 (see below) where σ is determined by Equn 6 at the design operating pressure.
The limit depth a r (p test ) of a surface design defect with half-length l cr at the testing pressure, and the limit depth b r at the design operating pressure, should be found by solving the Equn19 (see below) where:
and
The relationship between the re-testing interval and the testing pressure for a design defect should be calculated using Equn 22 (see below).
The calculated re-testing interval for testing pressure p test guarantees that an oil pipeline rupture will not occur at the design operating pressure during the period T r (p test ) between tests.
The necessary testing pressure level to ensure that a pipeline rupture does not occur within the re-testing interval T 0 can be determined by solving the equation:
Calculation results
The section of a trunk oil pipeline with an annual pressure trend shown in Fig.1 can be used as an example. The external diameter of the pipeline is 820 mm and the nominal wall thickness is 10 mm. Its standard mechanical properties are ultimate strength 510 MPa and yield strength of 360 MPa. Impact-toughness requirements (KCV) are 29 J/cm 2 . The negative allowance for wall thickness is 0.8 mm, and the material safety factor is 1.47. The service conditions factor is 0.75 and the functional safety factor is 1, 
while the load safety factor is 1.15. The maximum allowable operating pressure is 5.66 MPa. The maximum pressure in an annual trend is 51.8 kgf/cm 2 .
After processing the pressure trend using the "rainfall" method according to the requirements given in [4] , the range of equivalent loading (pressure) and the reduced cyclic factor (the number of cycles of equivalent loading corresponding to the annual pressure trend) can be calculated from Equns 14 and 15.
The range of hoop stresses corresponding to the equivalent pressure range is 95.5 MPa (equivalent pressure is 2.33 MPa). The reduced cyclic factor is 412 cycles.
In order to ensure that there is no pipeline fracture in the 20 years between tests, the test pressure calculated by Equn 23 should be 6.8 MPa (test stresses are 82% of the standard yield strength or 133% of the maximum pressure in an annual trend or of the design pressure).
Given the impact toughness requirements of KCV = 80 J/cm 2 , the testing pressure should be 7.6 MPa (test stresses are 91% of the standard yield strength or 148% of the maximum pressure in an annual trend) in order to ensure that there is no pipeline fracture in the 20 years between tests.
With a test pressure of 6.8 MPa for KCV = 80 J/cm 2 , the interval between tests is nine years. Increasing the test pressure from 6.8 MPa to 7.6 MPa allows the interval between tests to be doubled.
Methodology for corrosion defects
In order to calculate the relationship between bursting pressure in a pipeline with corrosion defects and the length and depth of metal loss, the modified correlation ASME B31G can be used (for a Level-1 assessment) [10] :
Here, for z ≤ 50:
. and for z > 50:
. . σ test = the hoop stress from the testing pressure σ op = the hoop stress from the operating pressure
z L Dt
The re-testing period is calculated using the formula:
where V corr is the corrosion rate in mm/yr.
Calculation results
A category-I section of oil pipeline can be examined as an example. The parameters are as follows:
external diameter = 720 mm pipe wall thickness = 8 mm pipe steel = grade K52 (standard values are 510 MPa for ultimate strength, and 355 MPa for yield strength) service conditions factor = 0.75 material safety factor = 1.4 load safety factor = 1.1 the functional safety factor = 1.0 the load-bearing capacity of the pipes = 5.64 MPa. Figure 2 shows the relationship between the re-testing period for the examined pipeline section with 1-m metal loss, the hoop stresses during testing, and the corrosion rate. The operating pressure is equal to the pipes' load-bearing capacity. Figure 3 shows the relationship between the re-testing period for the examined pipeline section with 1-m metal loss, the hoop stresses during testing, and the operating pressure. The corrosion rate is equal to 0.3 mm/yr. Figure 4 presents the relationship between the re-testing period of the examined pipeline section, the length of metal loss, the corrosion rate at the given hoop stresses during testing equal to 95% of the yield strength, and the operating pressure. The operating pressure is equal to the pipes' load-bearing capacity. Figure 5 shows the relationship between the re-testing period of the examined pipeline section, the length of the defect, and the operating pressure with corrosion rate of 0.3 mm/yr. The hoop stress during testing is 95% of the yield strength. Figure 6 presents the relationship between the re-testing period of the examined pipeline section with 1-m metal loss length, the ratio of the operating pressure to pipe load-bearing capacity, and the corrosion rate. The hoop stress during testing is 95% of the yield strength.
Depending on the size of the corrosion defects, the limit states during loading with internal pressure may be either a rupture or a leak.
As was stated above, hydrostatic tests do not detect local metal loss (pitting) and, therefore, cannot fully guarantee the absence of leaks during subsequent operation.
Figures 4 and 5 show that the period of retesting drops to zero where the corrosion defect length decreases to zero. The shorter the defect length, the shorter the interval of re-testing that is required to ensure that there are no leaks in the period between tests. As the defect length increases, the retesting period guaranteeing the absence of rupturing tends towards a constant value. This is due to the fact that, given a certain defect length, the undamaged metal can no longer support the defect.
The re-testing period guaranteeing the absence of rupturing during the period between tests varies widely depending on the corrosion rate, the test pressure, and the ratio of operating pressure to pipe load-bearing capacity. For the example under consideration, with a corrosion rate of 0.3 mm/yr, hoop stress at testing pressure equal to 95% of the standard yield strength, and functioning with operating pressure equal to the pipes' load-bearing capacity, the interval is 6.9 years. With a corrosion rate of 0.15 mm/ yr, hoop stress at the testing pressure equal to 100% of the standard yield strength, and functioning at operating pressure equal to 80% of the pipes' load-bearing capacity, the interval is 24 years. 
Conclusion
Selecting the hydrostatic test pressure in accordance with the loading cyclic factor, the corrosion rate, and the magnitude of the operating pressure, can thus guarantee the required re-testing interval.
The margin for the value of the calculated re-testing interval depends on the possible spread of values obtained in calculating the interval parameters, namely corrosion rate, pipe wall thickness, and operating pressure.
This analysis has shown the relationship of the re-testing interval to the ratio of test pressure to operating pressure; to the ratio of operating pressure to pipe loadbearing capacity; to the impact toughness characteristics and cyclic cracking resistance of the pipe steel; and to the actual operating pressure cyclic factor and corrosion rate.
